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Abstract

Hand-calculation procedures for predicting aerodynamic noise from propellers,
rotors and lift fans useful as first engineering approximations have been assembled
from the literature. Considerable introductory material and a glossary of terms
has been included to make the prediction procedures more meaningful. Current
literature has been reviewed and a comprehensive bibliography on V/STOL air-
craft noise is presented.
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A Review of Aerodynamic Noise from Propellers,

Rotors, and Lift Fans

1. Introduction

The problem of aircraft noise and its annoyance to the
public has been one of increasing concern in recent years.
The advent of turboshaft engines has, in most cases, left
the rotor, propeller, and lift fan systems as the primary
sources of aerodynamic noise in current and proposed
V/STOL aircraft. The forecasted increased commercial
use of these aircraft in close-in, heavily populated areas
has made understanding these systems as noise sources
an important technical objective. Discomfort, interruption
of speech communication and other activities due to inter-
mittent aircraft noise is expected to be realized by a wider
segment of the public with the advent of broad utilization
of lowflying V/STOL aircraft. In addition, high noise
level inside currently flying STOL aircraft provides addi-
tional motivation for developing better abatement tech-
niques.

JPL TECHNICAL REPORT 32-1462

This report is the product of a study of aircraft noise
technology, by JPL for the United States Department of
Transportation, particularly as it relates to V/STOL air-
craft. No original research is included, It is the intention
of this review to gather convenience material, useful for
prediction of the aerodynamic noise generated by pro-
pellers, lift fans, and rotors; it is representative of the best
methods available in the open literature at this time. Also
included is sufficient background material to enable a
reader without previous experience in acoustics to learn
its terminology and some orientation in the field.

The bibliography included as Appendix E was assem-
bled during the course of the study of V/STOL noise
technology; it is much broader in scope, therefore, than
the remainder of this report which is limited to rotors,
lift fans, and propellers. :



Il. Elements of Aerodynamic Acoustics

A. Acoustic Radiator Models

In earlier work on acoustic theory, such as Ref. 1, many
of the features of aerodynamic noise are discussed in terms
of simple sources (monopoles), dipoles, and quadrupoles.
These are the so-called elementary solutions of the equa-
tions of motion from classical acoustic theory of small
disturbances to a gas at rest. The theory was developed
by Lord Rayleigh before the end of the nineteenth cen-
tury in his Theory of Sound. Such solutions describe the
radiation generated at a point, while real sound is always
generated over some area and can be described only by a
continuous distribution of point singularities. Physical
models, taken from Ref. 2, are shown in Fig, 1.

The simplest of these is the pulsating sphere, which is
used to represent the simple point source where the sound
is generated by the variation of mass outflow from the
source. A simple example of this type of noise is the burst-
ing balloon; none of the noise sources of rotors, fans, and
propellers are of this type.

The next simplest elementary solution is the dipole,
where sound is generated by the injection of momentum
rather than mass. An acoustic dipole is equivalent to a
force concentrated at a point and varied in magnitude
and/or direction. Alternate models are shown in Fig. 1b.

(a) PULSATING SPHERE AS MODEL OF SIMPLE SOURCE OF SOUND

(b) ALTERNATE MODELS OF DIPOLE SOURCE OF SOUND

= - oo 4%

OSCILLATING  OSCILLATING DIPOLE SOURCES AND SINKS
RIGID SPHERE FORCE ON SPHERE

{c) ALTERNATE MODELS OF LATERAL QUADRUPOLE SOURCE OF SOUND

g v @
,o‘) 'ﬁ/ @

RIGID SPHERES

FORCE PAIR
(STRESS)

DIPOLE PAIR DEFORMING SPHERE

Fig. 1. Elementary sources of sound

Dipole strength is a vector term with direction as well as
magnitude. Vortex noise is an example of dipole noise,
as are noise due to torque (induced drag) and noise due
to thickness (form drag).

In the appropriate acoustic equation, momentum trans-
port appears in two parts: one represents direct convection
of the momentum component by the velocity component;
the other part, which equally transfers momentum, is the
stress between adjacent elements of fluid. This second
part can be represented by a quadrupole since an element
of fluid under stress bears equal and opposite forces on
opposite sides, each force being equivalent to a dipole
and each pair to a quadrupole. Models for quadrupoles
are shown in Fig. lc. A turbulent jet is a noise source of
this type, as also is thrust noise, because the wake from
which the noise emanates is merely a low-speed turbu-
lent jet.

Cancellation effects in the dipole and quadrupole cause
progressively decreasing efficiencies of radiation at the
lower frequencies. In an example from Ref. 3, which as-
sumes a sphere deforming at a frequency having a wave-
length of twice the circumference of the sphere, the
efficiencies of a dipole and a quadrupole relative to a
simple source are 1/13 and 1/1000, respectively. This
suggests one means of reducing aerodynamic noise: that

CORe

(o) THICKNESS

EP

(c) VORTEX SHEDDING

AXIS OF
ROTATION

(5) TORQUE

(d) THRUST {e) THRUST AND TORQUE

Fig. 2. Theoretical noise patterns for rotors,
propellers and fans
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as much as possible of the acoustic energy, which is the
inevitable byproduct of the generation of the aerody-
namic forces required for flight, be channeled into mecha-
nisms which are inefficient quadrupole radiators.

Each type of radiator has its own polar distribution of
acoustic energy. The simple source or monopole is non-
directional, of course, while the dipole has the familiar
two-lobed figure-8 pattern with the lobes aligned in the
direction of the vector. The quadrupole has a symmetrical
four-lobed pattern. These theoretical polar distribution
patterns are to some degree distorted in practice. Theo-
retical noise patterns for various types of noise are shown
in Fig. 2 (taken from Ref. 4).

B. Sources of Aerodynamic Noise

Aerodynamic noise may be defined as sound which is
generated as a direct result of relative motion between a
solid body or stream of fluid and the surrounding medium.
The mechanisms by which rotors, propellers and fans
produce intense sound pressures have been the subject
of much work, especially in recent years. Traditionally,
noise generated by propellers has been separated into two
parts called the rotational and the vortex components.
Rotational or periodic noise here describes all sound which
is identified with discrete frequencies occurring at har-
monics of the blade passage frequency (number of blades

times the rotational frequency). Vortex or broad band
noise describes the modulated sound produced by the
unsteady pressure field associated with vortices shed from
the trailing edge and tips of the blades as well as some
of the noise sources associated with turbulence effects in
the air stream. The helicopter rotor and single or multi-
stage lift fans deserve separate consideration because,
although much of their noise can be explained in terms
of propeller noise sources, there are a number of other
sources which are exclusive to, or of increased importance
in, those devices to the point where they make significant
contributions to the overall levels. For purposes of this
discussion, the sources of aerodynamic noise have been
structured as shown in Fig. 3. They include not only the
traditional sources of noise in propellers but also those
additional sources which can be important for rotors and
fans.

1. Rotational noise

a. Thrust and torque noise. All real rotating airfoils, i.e.,
those having thickness, have a pressure distribution when
moving relative to the surrounding medium. This pressure
distribution can be resolved into a thrust component nor-
mal to the plane of rotation and torque component in the
plane of rotation. Conversely, the air in contact with the
propeller has a force on it which can be resolved into
the thrust and torque vectors. This pressure field on the

AERODYNAMIC

NOISE
PERIODIC BROAD BAND
INTERACTION
ROTATIONAL AND TURBULENCE VORTEX
NOISE DISTORTION INDUCED NOISE
EFFECTS
AMPLITUDE -
iy THICKNESS BLADE D JENCY WD TRaE T ORTICES
TORQUE FREQUENCY INTERACTIONS VORTICES

Fig. 3. Sources of aerodynamic noise
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air is steady relative to the blade and rotates with it if
operating under conditions of uniform inflow. For non-
uniform inflow, for example a helicopter rotor in steady
forward flight, the difference in relative blade speed dur-
ing forward and backward motion of the blade relative
to the flight path requires a cyclic incidence variation to
provide a reasonably uniform lift over the disc. To a first
approximation, the forces on the air next to the disc would
be constant under these conditions; the effects of incidence
changes would appear only as variations of chordwise
loading over the blade. From a fixed point on the disc,
the rotating field appears as an oscillating pressure. The
frequency of the oscillation is the frequency with which
a blade passes that point (blade passage frequency), and
the wave form of the oscillating pressure is determined
by the chordwise distribution of pressure on the blades.
Analytically, rotating airfoils generating thrust and torque
noise may be represented as an array of stationary dipole
sources in the rotor disc which are activated during blade
passage.

b. Thickness noise. In addition to experiencing a fluctu-
ating force, an element of air in the dise will be physically
moved aside by the finite thickness of the blade. In a fixed
frame of reference this displacement is equivalent to a
periodic introduction and removal of mass at each element
of air near the disc. The rate of mass introduction at a
point, which is determined by the blade profile, incidence
and speed, can then be expressed as the strength of a
simple source. Up to values of resultant tip speed ap-
proaching sonic, thickness noise is generally found to be
small compared with the noise arising from torque and
thrust. At higher tip speeds, however, it may assume equal
importance.

2. Interaction and distortion effects. The following
periodic effects are usually identified with helicopter ro-
tors but may occur to a lesser degree in fans and pro-
pellers.

a. Blade slap. Impulsive noise, blade bang or blade slap
may consist of high-amplitude periodic noise plus highly
‘modulated vortex noise caused by impulsive fluctuating
forces on the blades, The mechanisms by which these
forces may-arise are: (1) blade-vortex interaction, (2) peri-
odic stalling and unstalling of a blade, and (3) shock wave
formation and collapse due to unsteady periods of local
supersoni¢ flow. The first and second conditions (and pos-
sibly the third) may occur when a blade passes through
or near a tip vortex or the unsteady wake generated by a
preceding blade. Operation in this unsteady flow condi-
tion leads to strong fluctuating forces. Here, aeroelastic

4

properties may become significant parameters. The third
mechanism may also result directly from operation of a
blade at high tip speed (such as an advancing helicopter
blade during high speed flight). When it occurs, blade

slap is by far the dominant source of aerodynamic noise.

b. Amplitude and frequency modulation. Distortion
effects of these types can significantly alter the character
of the generated sound. Amplitude and frequency modu-
lation resulting from the periodic advance and retreat of
the source relative to a stationary observer effectively
increases the detection and annoyance of a noise source.
In addition, Doppler shift due to motion (flyover) of the
aircraft relative to the fixed observer causes a frequency
shift in the overall noise level which is proportional to the
velocity of the aircraft.

¢. Wake and field interaction. The angle of attack and
hence the lift of a blade passing through a series of ‘wakes,
as in a lift fan with upstream stators, will be modulated at
the fundamental frequency of the blade wake interaction
and is thus a source of additional periodic noise radiation.
The modulation of lift due to interaction of the pressure
fields of two adjacent blade rows in relative motion can
produce noise levels equal to wake interactions and at the
same frequencies.

3. Vortex noise. The dominant source of broad band
noise is called vortex noise which has been defined as that
sound which is generated by the formation and shedding
of vortices in the flow past a blade. For an infinite circular
cylinder, normal to the flow and in the range of Reynolds
numbers from 102 to 105, it is well known that the vortices
are shed in an orderly vortex street which is a function of
cylinder diameter and flow velocity. The process in the
case of a rotating airfoil is similar and since there is a
different velocity associated with each chordwise station
along the span, a broad band of shedding frequencies
results. This produces a dipole form of acoustic radiation
in which the strength of the source is proportional to the
sixth power of the section velocity. Hence the frequencies
associated with the area near the tip tend to be of greatest
amplitude. Also, since a blade develops lift (thrust), tip
and spanwise vorticity of strength proportional to the
thrust gradients are generated and shed. Their dipole
acoustic radiation combines with that from the trailing
edge vortices to make up the so-called vortex noise.

4. Turbulence-induced noise. In flow fields containing
shear layers such as boundary layers, random noise is pro-
duced directly by the motion of small-scale turbulence

JPL TECHNICAL REPORT 32-1462



which, since it is quadrupole in nature, is inefficiently
radiated and inaudible in the presence of other noise
sources. However, considerable amplification of the weak
noise generation mechanism of turbulence results due to
interaction with the pressure field of a moving blade. The
induced acoustic radiation is of the more efficient dipole

type.

C. Attenuation

1. Geometric attenuation. As a sound wave travels
through still homogeneous air, it loses energy in three
ways. The first and usually most important process is that
due to the geometric distance between the source and the
observer. If one considers spherical wave spreading from
a point source of uniform intensity, the sound pressure
level registered at the observer varies inversely as the
square of the distance from the source. This relationship
is valid (to a first order approximation) for non-point
sources if the observer is in the far field (i.e., if the dis-
tance from source to observer is great relative to the
dimension of the source). Expressed in terms of the loga-
rithmic decibel scale, the sound pressure level falls by
6 dB for every doubling of distance from the source.

2. Atmospheric attenuation. The other two processes
by which a sound wave loses energy are functions of .the
atmosphere itself. The first mechanism arises through
losses from heat conduction and radiation, viscosity, and
diffusion. This is generally termed classical absorption
and is proportional to the square of the sound frequency.
The other process has to do with molecular relaxation
in the air and, unlike classical absorption, is a function of
humidity as well as frequency. Typically, this second
effect is much more important in the audible range of
frequencies, and classical absorption is generally neg-
lected. Wind gradients and atmospheric turbulence can
also be a significant factor. Attenuations measured upwind
may exceed those measured downwind by 25 to 30 dB.
Figure 4 shows the approximate molecular attenuation
levels for air-to-ground sound propagation for an air
temperature of 70°F and absolute humidity of 8 g/m? as
determined by the technique given in Ref. 5. A detailed
treatment of atmospheric attenuation is given in that
reference. Similar curves for both classical and molecular
attenuation for other values of atmospheric temperature
and humidity can be obtained readily, Tt should be noted,
however, that recent tests with turbofan aircraft have
brought the present state of knowledge regarding atmo-
spheric attenuation into dispute. The values of attenuation
generally used (Ref. 5) for the high frequencies would
appear to be too large based on these tests.

JPL TECHNICAL REPORT 32-1462

ATMOSPHERIC ATTENUATION
ESTIMATED FROM Ref, 5

ATTENUATION PER 1000 ft, dB

75 300 1200 4800
150 600 2400 10,000
FREQUENCY BAND, Hz

Fig. 4. Molecular atfenuation coefficient for air-to-ground
propagation ai 70°F and 8 g/m?® absclute humidity

lil. Propeller Noise
A. Introduction

As discussed in Section II, the noise produced by an
operating propeller has been an object of scientific interest
for many years. All of the early work in the aeronautical
noise field, both analytic and experimental, was concerned
with the propeller noise problem or with allied configura-
tions such as Yudin’s work (Ref. 6) with rotating rods.

Although closely related to the noise produced by rotors
and fans, the problem of propeller noise is, in some re-
spects, simpler because of the configuration and operating
conditions of the propeller. The small number of blades
in a normal propeller together with the flow velocity
through the propeller disc minimizes the interference
effects due to operation in the wake of preceding blades.
The structure and location of the propeller is such that
noise due to blade flutter and asymmetrical induced flow
are not normally encountered. At moderate tip speeds, i.e.,
slightly below the onset of compressibility effects, both
vortex noise and rotational noise due to thickness are lower
than the rotational noise due to thrust and torque. Con-
sequently, most of the noise work on propellers, of both
a theoretical and experimental nature, has concentrated on
the effects of thrust and torque. In studies dealing with



the reduction of overall propeller noise, however, vortex
noise has been shown to be an important contributor and,
in the case of high-speed flight, the level of thickness noise
may exceed that of thrust and torque noise.

B. Polar Noise Patterns

The theoretical polar noise patterns for propeller noise
were shown in Fig. 2 and discussed in Section II; however,
a few additional details are noteworthy. While thickness,
torque, and vortex noise show the dipole pattern, the
former two have their maximums in the plane of rotation,
while the latter has its maximum along the axis of rotation.
While it is not shown in the figure, the two forward lobes
of the quadrupole pattern of the thrust noise are 180 deg
out of phase with the torque lobes. Figure 2e shows a
combined thrust and torque polar noise pattern that is
typical for a normal propeller. The relative magnitudes
of the lobes are approximately correct. Theory indicates
that the angle of maximum intensity for a stationary pro-
peller is 120 deg, as measured from the forward axis of
rotation. For a propeller in motion along the axis of
rotation, this angle is reduced, because the contribution
of the aft lobes of thrust noise becomes smaller as thrust
itself becomes less. At 150 mph, the angle of maximum
intensity might be 105 deg. Only the rear lobes contribute
to this effect because of the out-of-phase relationship of
the forward thrust lobes.

C. Ordered {(Rotational) Noise

The theoretical work of Gutin (Ref. 7) has been reduced
to a suitable form for engineering use.

_ 169.3mBRM, [0.76 Py
D = SA [ ME T cos 9] Jg (%) 1)

where:

p = rms sound pressure level (SPL)! in dynes/cm?
m = order of the harmonic

S = distance from propeller hub to observer, ft

R = propeller radius, ft

A = propeller disc area, ft?
P;, = absorbed power, horsepower

T ='thrust, Ib

B = number of blades

'See Appendix A.

)

M, = tip Mach number
Ing = Bessel function of order mB
x = argument of Bessel function 0.8 M ,mB sin §

8 = angle from forward propeller axis to observer

The expression gives reasonable agreement with experi-
mental results for the first few harmonics of conventional
propellers operating at moderate tip speeds and forward
velocities. In these circumstances, summation of the
square root of the sum of the squares of the solutions to
the above expression for m = 1,2, 3,4 will yield an ade-
quate approximation of the overall sound pressure of
the thrust and torque components. Under such condi-
tions it is a suitable estimate of the total noise as well.
Equation (1) is not of a form that makes the functional
relationship between the basic geometric and operational
parameters and rotational noise clear; however, Hubbard,
in Ref. 8, constructed, from solutions to this equation,
plots which show that the noise level increases with
absorbed power, increased diameter, fewer blades, and
especially with increased tip speed. In the case of the
number of blades, the change in noise level is partially
offset by the resulting shift in frequencies of the spec-
trum so that the change in loudness level® is small.

As tip Mach number is reduced to the range between
0.5 and 0.3, experimental results begin to diverge from
the values predicted by Eq. (1) in the direction of higher
levels. In this region, vortex noise, which originates in
the variable forces acting on the medium during flow past
the blade, makes itself known.,

D. Vortex Noise

An equation developed by Hubbard, which was based
on Yudin’s original work, additional work by Stowell and
Deming (Ref. 9}, and others, is frequently used to calculate
vortex noise in terms of SPL.

kAb (Vo.7)6

SPL = 10log —3 =3

(dB at 300 ft) (2)

where

k = constant of proportionality (see Section II)
A; = propeller blade area, ft?
Vo.r = velocity at 0.7 radius
The expression indicates that vortex noise is a strong

function of blade velocity; doubling the blade velocity
increases the SPL by 18 dB. The effect of doubling blade
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area is less severe; the SPL is increased by.3 dB. This
suggests that the way to reduced vortex noise is to mini-
mize the tip velocity and to make up the required thrust
by increasing blade area as far as possible within the
constraints of efficiency and structure. It should be
remembered, however, that the vortex noise of propellers
does not become significant until the blade velocity is
already below normal operational values.

Work on theoretical propeller noise prediction methods
has progressed and is being continued at a relatively low
level of effort at the present time. Despite the use of
modern computers, which has permitted increasing
degrees of sophistication, there does not seem to be a
method presently available which is capable of adequate
prediction of sufficient harmonics over an operating range
that includes vortex noise at the low end and thickness
and compressibility effects at the high end.

Although considerable experimental noise measurement
work has been carried out on propellers, much of it is
unsuitable for use as research material because the band-
pass of the measuring equipment used was too wide to
distinguish details of the spectrum at the higher fre-
quencies. Only recently has suitable narrow bandpass
equipment become generally available,

Studies with sub-scale propellers (see Ref. 10) have
been used to investigate the effect on noise of such geo-
metric parameters as the number of blades and activity
factor. Even the older theories predict gross variations
with geometric and operational parameters. However, the
usefulness of such data in the prediction of full scale
propeller noise characteristics has not yet been estab-
lished. In particular, the importance of aeroelastic effects
which are difficult to match between model and full scale
should be studied. The results of some of the more useful
experimental noise measurements on full scale propellers
is summarized in Ref. 4.

Because theory has not proved to be fully adequate as
a means of predicting propeller noise, a number of
methods, based to some degree on experimental measure-
ments, have evolved; these methods are intended to be
either more general than presently possible with theory
or to cover special conditions where the theory is inade-
quate. One of the most useful, judged by the criteria of
simplicity of application and range of applicability, is
the procedure developed at the Hamilton Standard Divi-
sion of United Aircraft and presented in Ref. 4. It is
reproduced here in Appendix B for the sake of conve-
nience. The method, which is divided into two sections,
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can be used to estimate either near-field or far-field noise.
The accuracy of near-field estimates is given at +5 to
—9 dB overall, in general, and better for certain condi-
tions. The accuracy of far-field estimates is given as
+10dB overall at 500 ft, based on limited experimental
data.

IV. Rotor Noise

A. Introduction

Aircraft employing lifting rotors presently represent the
most efficient method of vertical takeoff and landing oper-
ation. Low disc loading rotorcraft may indeed represent
the quietest present-generation aircraft with VTOL capa-
bility (Fig. 5). Although it may be the best system cur-
rently available, the rotor craft as a noise source will not
achieve complete community acceptability. In order to
make the required noise reductions for inter-city opera-
tion, it is important that the basic elements which produce
the noise be fully understood. It is not, however, the pur-
pose of this section to develop an original rotor noise
prediction analysis, but merely to present some of the
highlights of the current state of the art and the trends
indicated.

B. Characteristics of Rotor Noise

1. Ordered (rotational) noise. The study of rotor noise
has had the advantage of drawing on the knowledge
gained from earlier interest in the propeller. Tt was found,
however, that although propeller noise theory was fairly
accurate in describing the sound level of the first harmonic
of rotors, it was grossly in error for the higher harmonics.
This is not altogether surprising when one considers the

TURBIOJ ETS

CURRENT TURBOFANS /i

PROPOSED TURBOFANS
120 /]

~LIFT FANS
100

PROPELLERS

ROTORS

80

0 10 100 1000
DISC LOADING, /s

10,000

PERCEIVED NOISE LEVEL AT 500 ft (BASED ON 60,000~Ib
AIRCRAFT AT HOVER POWER), dB

Fig. 5. Noise level as a function of disc loading



relative complexities of the two systems. The propeller
that Gutin described was a rigid device rotating in steady,
uniform flow. The modern rotor is quite a different sys-
tem. The main feature of rotor aerodynamics is the lack
of symmetry. In transitional and forward flight, the rotor
disc encounters highly nonuniform inflow, and the mecha-
nism by which forward thrust is obtained gives rise to
cyelic pitch and fluctuating airloads on advancing and
retreating blades. Cyclic pitch is the name given to the
first harmonic variation applied to the blade pitch angle
as it rotates. (For an introductory treatment of helicopter
aerodynamics, see Ref. 11.) Reference 12 states that since
the relative air velocity over the blade also has a first har-
monic variation and since aerodynamic forces are propor-
tional to the square of the relative velocity, one may expect
to find at least three harmonics in the force fluctuations
acting on the blades. However, this would be true if the
flow through the rotor were uniform. Under real operating
conditions, velocity fluctuations are induced which give
rise to a multitude of blade loading harmonies. The calcu-
lation or experimental determination of these higher har-
monic blade loads is extremely complex and has met with
only limited success. Many authors (Refs. 12 through 14)
are of the opinion that all the significant higher harmonic
sound effects (except possibly at transonic or supersonic
speeds) can be attributed to these unsteady higher har-
monic loadings and, further, that any sound harmonic
receives contributions from all loading harmonics. This
effect is illustrated in Fig. 6, from Ref. 12, which shows
Lowson’s calculated contribution to a number of sound
harmonics of the first 60 loading harmonics on a four-
blade rotor.

Two modern rotor noise theories by Schlegel, et al.
(Ref. 13), and Loewy and Sutton (Ref. 14) make use of
the available harmonic loading data in their analyses. A
comparison of the theoretical and experimental results
from each report is presented in Figs. 7 and 8. Both in-
vestigations use substantially the same approach. The
equations for sound generation from a point source are
written, and expressions for the radiation from the com-
plete rotor are obtained by integration over the rotor disc.
Thickness noise and shear effects were ignored in both
reports. A difference in form between the basic equations
used results from the use of the Garrick and Watkins
(Ref. 15) moving axis form by Loewy and Sutton and the
more usual fixed axis form by Schlegel, et al. In each
approach; the necessary integrals are evaluated on a com-
puter. Both approaches retain the acoustic near-field
terms in the point source radiation. (A fluctuating point
force produces an acoustic pressure field that contains two
components, one of which falls off as #* and one as 7,
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where r is distance.) Clearly, sufficiently far away from the
source, only the last (acoustic far-field) term is significant.
For calculations near the source (say, a wavelength or so),
the first (acoustic near-field) term must be retained. The
Schlegel approach does assume a second “geometric” far-
field approximation, whose terms of order (R/r)?, where R
is rotor radius, can be neglected, thus simplifying the inte-
gration. All far-field approximations will be valid suffici-
ently far from the rotor. Schlegel uses a rectangular
distribution approximation to the chordwise loading pat-
tern, while Loewy and Sutton use an analytic ap-
proximation. Schlegel shows detailed comparison with
experimental results for only the first four harmonics.
Fair agreement is found for the first two, but it is clear
that underestimation of the fourth, and presumably higher,
harmonics occurs. However, it should be noted that this
is a substantial improvement over the use of Gutin’s for-
mula. This report shows clearly that the higher harmonics
of the loading have important contributions to the higher
harmonics of the noise. Loewy and Sutton came to the
same general conclusions. The usefulness of these theo-
ries, then, depend on the availability of higher harmonics
loading data. Rotor aerodynamics is an exceedingly com-
plex three-dimensional problem; at the present time even
the accurate prediction of low-frequency fluctuations, for
the purposes of calculating blade vibration response, is a
formidable task. Higher harmonic loading prediction is
even more difficult, and the validity of theoretically or
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experimentally generated data is very questionable at the
present time.

Lowson and Ollerhead have undertaken to avoid the
impasse by deriving empirical harmonic decay laws. A
study of the available full-scale blade loading data re-
vealed that the amplitudes of the airload harmonics de-
cayed approximately as some inverse power of harmonic
number, at least in the range which covered the first 10
harmonics. For steady flight out of ground effect, the
optimum value for the exponent was found to be —2.0
so that the amplitude of the Ath loading harmonic was
proportional to A%, This law was then extrapolated in-
definitely to higher frequencies in order to provide some
estimate of the higher harmonic airload levels. However,
before this could be used as a basis for noise calculations,
account had to be taken for phase variations around the
rotor azimuth and along the rotor span. It was assumed
that the phases could be randomized, in the case of the
span wise loading variations, this was accomplished by
the introduction of a “correlation length™ concept such
as commonly used in turbulence theory. By assuming that
the correlation length was inversely proportional to fre-
quency, this resulted in an approximate net effect of add-
ing a further —0.5 to the exponent of the loading power
law. Also, an effective rotational Mach number conecept is
introduced which enables the effects of forward speed to
be calculated directly from results for the hover case.



Using these approximations, the rotational noise spectrum
for the Bell UH-1 helicopter was calculated for compari-
son with available measurements. The comparison is
shown in Fig. 9. Because of uncertainties regarding the
overall levels, they were normalized on the basis of power
in the third and higher harmonics. Although for this rea-
son, nothing can be said about overall levels; the agree-
ment, insofar as spectral shape is concerned, is good up
to the thirtieth harmonic. The calculated levels are shown
for the hover case in Fig. 7a. They are only slightly better
than Schlegel’s theory at the fourth harmonie. Lowson
made some simplifying assumptions to his closed-form
analytic solution, which enabled him to develop a set of
useful design charts. These charts allow the user to deter-
mine rotational noise levels for a rotor under any condi-
tions of steady flight with a few simple hand calculations.
The charts, with detailed instructions for their use and an
example calculation, are shown in Appendix C. With care-
ful use, the procedure can yield any reasonable number
of noise harmonics at any point in the far field of the rotor
to within 2 dB of the value obtained by computer tech-
niques. Comparisons with experimental results indicate
that, although the design charts may be in error for the
overall levels, they should give the parameter trends quite
accurately. The charts should be useful tools for design
tradeoff studies.

2. Broad-band (vortex) noise. The fundamental genera-
tion mechanism of broad-band and, more particularly
vortex moise from rotors is not yet fully understood. In
Yudin’s early work with rotating rods, vortex noise was
considered to be a viscous wake-excited phenomenon and
indeed it must be in that case. However, in the case of a
lifting airfoil such as a rotor, the experimental evidence
could support equally well the contention that it is caused
by a random movement of the lifting vortex in the tip
region. Stuckey and Goddard (Ref. 16) used a radial array
of microphones in their rotor measurements, but were not
able to locate the true center of dipole activity from their
data. In view of the work by Spencer et al. (Ref. 17),
Schlegel, et al., and others in reducing broad-band noise
through modifications to rotor tips, it seems certain that
the tip vortex does have a significant effect. Quite likely,
both the tip vortex and the vortex sheet shed from the
upper surface of the airfoil contribute in varying degrees
depending on the configuration and operating conditions.
There is evidence, however, that a portion of what was
originally identified as broad-band, vortex noise may, in
fact, be higher harmonic rotational noise. Lowson and
Ollerhead report that the rotational noise of rotors may
dominate the noise spectrum up to 400 Hz and higher.
They explain this divergence from a generally held earlier
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opinion that, above 100 Hz vortex noise became dominant
by saying that the commonly used 1/3 octave analysis of
experimental data does not distinguish the higher indi-
vidual harmonics and that experimenters were prejudiced,
since previous theoretical results predicted that rotational
noise decayed more rapidly than, in fact, occurs. At any
rate, broad-band noise is generated and can be dominant
under some rotor operations, e.g., at very low rotational
velocities with two or three bladed rotors where even
higher harmonics of the blade passage frequency may be
inaudible. Hubbard and Regier (Ref. 18) extended the
work of Yudin and postulated that, for propellers with air-
foil sections, as for rotating circular rods, the vortex noise
energy was proportional to the first power of blade area
and to the sixth power of the section velocity (see Sec-
tion III). Hubbard’s formula is based on a C, = 0.4. Ad-
justment is made for other values of C, by using an
effective blade area. Schlegel reports that intensive anal-
ysis of experimental rotor test data indicated that greater
accuracy could be attained by using actual blade area
and coefficient of lift. He also suggests that the constant
k, in Hubbard’s equation (Section III, Part D) for rotor
use, should be 8.1 X 10-*". However, the value is not firmly
established; experimental measurements, where they are
available and reliable, should be used to evaluate the
constant for a particular set of conditions. A systematic
experimental program on vortex noise might reveal
the effect of secondary variables which are at present
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contained within the “constant”; the problem in evaluating
the constant to a firm value may be due to the many mea-
surement difficulties.

Variations in lift for the modified equation are accounted
for by addition of the term 20 log C/0.4. Schlegel’s result-
ing equation for vortex noise at 300 ft is

‘1 —27 6
6.1 X 1077 A, (Vi.0) +2010gﬂ 3)

10 04

SPL = 10log

This equation yields an overall level only and has no pro-
vision in itself to indicate spectrum shape. Theoretically,
frequencies of vortex noise form a continuous spectrum
from near-zero to a cutoff frequency which depends upon
the rotational speed of the tip. Schlegel has gained some
insight by experimental methods into vortex octave band
spectrum shape of a blade operating out of stall as shown
in Fig. 10a. This condition is present at low angles of
attack at the tip. The peak frequency f is defined as

and is the Strouhal frequency at the 0.7 radius station
for a constant Strouhal number of 0.28. (This is satisfac-
tory for the usual range of Reynold’s numbers for a heli-
copter rotor.) When unsteady aerodynamic forces appear
near the tip of a blade, due to the occurrence of either
stall or drag divergence, there is a definite change in the
spectrum shape, Figure 10b represents the general spec-
trum shape of a blade operating under these conditions,
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Fig. 10. Octave band vortex noise spectrum below stall

{a), and above stall (b), ladapted from Ref. 13)
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as presented by Schlegel. It is evident that the separated
flow has caused a rise in the levels of the octaves above
the peak octave. Therefore, from Eq. (3) and Fig. 10, one
may predict the vortex noise octave band spectrum for a
rotor blade operating in or out of stall. The method and
an example problem is presented for convenience in
Appendix C.

Sadler and Loewy (Ref. 19) have taken a unique view
of the problem of rotor noise prediction. Their approach
involves the simultaneous consideration of both the rota-
tional and vortex shedding effects. While some improve-
ment in predicted noise over Loewy and Sutton’s earlier
report is achieved, noise levels at harmonics of the blade
passage frequency still were not predicted accurately. A
comparison between the theory and measured data from a
UH-1 helicopter in hover is presented in Fig. 11. The
inaccuracy may be due to deficiencies in the theory, or it

90

SIS A
m A
VN

o N

50 l \7 |
3
40
MEASURED \
- 4
K =1, Kp = 0.5 \ >
KL = 0,5, KD = 0,25
) \/

ROTATIONAL ONLY
K, AND Kp lARE VORTEX STREEiI' LIFT AND DRAG lCONSTANTS

SOUND PRESSURE LEVEL, dB re 0.0002 dyn/cm2

30—

¢ D Do

(KL =Kp = 0.0)

20

0 5 10 15 20
HARMONIC NUMBER

Fig. 11. Comparison of computed SPLs vs harmonic

number for various K, and K,, with measured SPLs for
a UH-1A helicopter in hover, (adapted from Ref. 19)

11



may be due to deficiencies in the experimental airload
data, which are again required for the calculation of the
higher harmonics of the rotational noise.

3. Modulation (blade slap) noise. Rotors suffer more
from modulation and distortion noise than any other aero-
dynamic noise generator. Slowly rotating, large-diameter
rotors typically exhibit recognizable amplitude modula-
tion and Doppler effects’ due to source rotation with re-
spect to a stationary observer. Neither this amplitude or
frequency modulation generally adds to the disturbance
or annoyance level of a helicopter, although it may lower
the level of detectability. Blade slap, the colloquialism
that has been applied to the sharp cracking sound associ-
ated with helicopter rotors, is by far the most annoying
of any of the rotor noise sources. Until recently, only
Ref. 20 has dealt with the problem of blade slap in any
detail. A large section of Schlegel’s work was devoted to
blade slap; more recently, Spencer et al. presented a paper
connected solely with the practical aspects of blade slap.
To date the only attempt at a guantitative study of the
problem seems to be the papers published by Leverton
and Taylor (Refs. 21 and 22). In the latest, Leverton lists
the three main mechanisms generally postulated for blade
slap in the literature:

(1) Fluctuating forces caused by blade—vortex interac-
tion.

(2) Fluctuating forces resulting from stalling and un-
stalling of the blade.

(3) Shock wave formation due to local supersonic flow;
it is suggested that this is either (a) a direct result
of operating a blade at a high tip speed or (b)
caused by a blade vortex interaction.

At the present time, detailed information on these mech-
anisms is still limited; therefore, it is almost impossible to
state which is the most likely mechanism. However, a
blade intersecting the tip vortex shed by a preceding blade
could itself cause the other two mechanisms to occur.
Leverton assumes that blade slap is the direct result of
the fluctuating lift caused by the interaction of a blade
and a vortex filament. This can either be an actual inter-
section when a blade cuts a vortex filament or the effect
of a blade passing very close to a vortex filament.

Although it is easy to imagine a blade and a tip vortex
intersecting, it is extremely difficult to visualize the details
of such an encounter and practically impossible to describe
it mathematically. As a blade intersects or comes near a
vortex filament, the blade circulation, and hence the lift
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profile, will become severely distorted, On a single rotor
lift system, a blade will most likely pass near, or cut
through, a tip vortex shed by a preceding blade (Fig. 12a).
On a tandem rotor lift system, it is more likely that one
rotor will cut the vortex filament generated by the other
disc (Fig. 12b). The fact that large fluctuations in lift
occur when a blade passes close to a vortex filament is
obvious. Figure 13, taken from Ref. 23, is an attempt to
depict the interference between the rotor blade and the
tip vortex. When the aircraft is accelerating and climbing,
it moves away from the tip vortex helix. Conditions are
similar for autorotating descents. The intersection occurs
when the aircraft is flying at a low descent rate or with
the rotor unloaded. The rotor then moves through its own
tip vortex system.

Leverton states that the “peak” velocity amplitude en-
countered by the blade will be practically independent
of the type of interaction; thus, noise from any intersec-

(a) SINGLE ROTOR SYSTEM

AIRCRAFT

(b) TANDEM ROTOR SYSTEM

AIRCRAFT

Fig. 12. Typical blade—vorfex intersections for a single
rotor system (a), and a tandem rotor system (b)
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tion, to a first approximation, will be dependent only on
the vortex size and blade parameters. Spencer et al. ex-
perimented with various rotor tip designs to modify the
induced velocity structure of the tip vortex. Results indi-
cated that the maximum velocities induced within the
vortex core could be reduced to about 12% of those for a
standard tip. However, drag data indicated that most con-
figurations adversely affected performance. Unfortunately,
no acoustic measurements that would determine the quan-
titative effect on blade slap intensity were made.

Leverton has developed a blade-slap theory that has
proved to be quite limited due to simplifying assumptions
and lack of adequate vortex profile data. He assumes that
the blade span and chord width effects of the vortex are
small and that the blade does not deflect while intersect-
ing a vortex filament. His results are compared with
subjective assessments and are found to be indicative, at
best, for only small chord rotor systems with less than
three blades. A more detailed description of the strength
and geometry of specific blade-vortex interactions is
necessary before satisfactory prediction methods will be
available.

C. Rotor Noise Alleviation

Rotor noise technology and experience indicate several
obvious and a few more subtle methods for reducing the
noise generated by lifting rotor systems, Theory indicates
that noise output is proportional to the product of thrust
and disc loading. Eliminating thrust as a design variable,
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the most obvious method of reducing disc loading is
increasing the rotor diameter. Tip speed has been shown
to be an important parameter in two ways: through the
direct effects of Mach number (compressibility and drag
divergence) and through blade-wake spacing. For a given
rotor producing a given amount of thrust, the downward
velocity of the blade wake is essentially constant, so that
the vertical distance between a blade and the vortex trail-
ing from the tip of the previous blade is increased by
reducing the tip speed. To do this, collective pitch must
be increased. Lowson (Ref. 12) shows that radiated sound
rises substantially at both high and low values of collec-
tive pitch and suggests that an optimum collective pitch
setting for minimum noise exists. The basic mechanism of
increasing collective pitch is to increase the displacement
of the shed vortex wake further beneath the oncoming
blade so that harmonic airloads are substantially reduced.
The use of high-lift airfoil sections on the rotor blades is
another way of increasing wake displacement, Davidson
and Hargest (Ref. 24) suggest another method of reduc-
ing boundary layer separation and turbulent wake inter-
action: A blade with direct circulation control would not
depend on pitch for lift generation, and the higher its
lift coefficient, the more stable its wake and boundary
layer becomes, because the control of circulation naturally
implies some control of the boundary layer. The jet flap
rotor appears favorable in these respects although a trade-
off of the jet noise itself must be made.

Another possible method of noise reduction is to de-

crease the activity factor by increasing the number of
blades or distributing the load over a larger blade chord.
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Tandem rotor lift systems exhibit some undesirable, as
well as desirable, noise features. With two large-diameter,
low-disc-loading counter-rotating rotors, the noisy tail
rotor (more nearly a propeller) may be eliminated. The
obvious and relatively serious problem is the rotor-wake
interaction. If the two overlapping rotors can be separated
to operate in a diffused wake region and vortex inter-
actions can be minimized, a relatively low-noise vehicle
could result. However, this represents a difficult design
problem.

In an effort to improve the rotor efficiency with a span-
wise elliptical lift distribution, Schlegel found that his
trapezoidal tips resulted in vortex noise reductions of
7 to 10 dB. Apparently the tip vortex strength is a signifi-
cant factor in the generation of vortex noise and may be
effectively alleviated with proper design considerations.
Spencer et al. showed that they could reduce the induced
velocity in the tip vortex and proposed this as a method
of reducing the intensity of blade slap. However, it ap-
pears that the easiest way to reduce blade slap is to
operate under flight conditions that avoid blade-vortex
interaction altogether.

Major design requirements for minimum noise can be
summarized as follows:

(1) Low tip speed.

(2) Large number of blades.

(3) Low disc loading.

(4) Large blade chord.

(5) Minimum interference with rotor flow.
)

(6) Any features that will reduce the high-frequency
airload fluctuations.

V. Lift Fan Noise

A. Infroduction

The lift fan, in terms of disc loading, falls between the
ducted propeller (low-disc loading) and the jet lift engine
(high-disc loading). The ducted propeller consists of a
relatively conventional propeller having a small number
of blades which are enclosed at the tips by a surrounding
shroud or duct supported by radial struts attached behind
the propeller to the shaft housing or engine mount. Be-
cause it operates at very low pressure ratios, the ducted
propeller does not require stators, and the main noise
source is rotational noise. On the opposite boundary is
the lift engine, which operates in the lift mode with its
axis approximately vertical; it can be either a straight
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turbojet or a bypass engine (fanjet). There is no sharp
demarcation between this latter type and the hub-driven
lift fan, but the lift fan does operate at higher bypass
ratios. Bypass ratios of as much as 20 are under consider-
ation for lift fans.

A second type of lift fan is the tip turbine driven fan,
which might appear as shown in Fig. 14, taken from
Ref. 23. The exhaust gas from the engine flows into the
scroll; from there, it is distributed circumferentially
around the fan to locations where it is exhausted through
nozzles into the tip turbine, an integral part of the fan
rotor. The number of turbine blades is typically much
greater than the number of fan blades; the blade passage
frequency of the turbine will fall near the upper limit
of audibility, resulting in subjective noise, which is quite
low, from this source. In any case, the pressure ratio of
the lift fan is higher than that of the ducted propeller.
When a stator is employed, it is usually close to the rotor
in order to minimize engine volume and weight. Rotor-
stator interaction may be the primary source of noise in
that case. Lift fans of either the tip turbine-driven or the
hub-driven types have many blades and may require
stators if higher pressure ratios are desired.

B. Noise Sources of Fans

The general form of the frequency spectrum of fan
noise is a broad spectrum extending over a wide range
of frequencies, with its maximum level usually at frequen-
cies of the order of 0.2 U/d, where U is the representative
velocity (such as tip speed) and d is the representative
length (such as motor diameter). Superimposed on the
broad-band spectrum are discrete frequency peaks that
occur at the fundamental blade passage frequency and its
harmonics. The relative strength of the discrete frequency
component diminishes, relative to the broad-band noise,
as tip speed is decreased. It has been found that overall
noise level from fans varies approximately as tip velocity
to the sixth power.

There appear to be two possible sources of broad-band
noise: (1) noise from vortex shedding at the blade trailing
edges, and (2) noise from turbulent velocity fluctuations
in the duct. When the flow into the duct is aligned with
the fan axis of rotation, noise from turbulent velocity
fluctuations is mainly confined to the duct boundary layer.
Here it is quite possible that it makes a contribution to the
over-all level, either directly or through enhancement, of
the vortices shed from the blade trailing edges near the
blade tips. However, when the flow into the duct enters
at an angle of attack, as would be the case when a lift
fan aircraft is in transition to forward flight, the turbulence
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Fig. 14. Typical tip-turbine-driven lift fan

level of the flow throughout the duct will be increased.
This will cause an increase in the overall sound level.
Sharland, in Ref. 25, has shown that the sensitivity of noise
to inflow angle increases with increasing blade tip speed.

One source of discrete frequency noise from a rotating
propeller arises from the periodic excitation of an element
of air at a fixed point which feels a force fluctuation each
time a blade element with its associated pressure field
passes by. The fundamental frequency is that blade
passage frequency and a number of harmonics will also
be present, dependent on the shape and duration of the
pulse relative to the period of a complete cycle. The
methods developed from theory for the prediction of pro-
peller rotational noise may at first appear applicable to
the case of a single fan rotor. However, propeller theory
is not known to be accurate for configurations that do not
have the small number of blades and high span-to-chord
ratio of the conventional propeller. The close spacing of
blades will lead to interactions between individual blade
pressure fields and wakes. The boundary conditions of
the duct wall, which are imposed on the fluctuating flow,
suggest that the distribution and strengths of the acoustic
sources on the blades may be altered. The use of con-
ventional propeller rotational noise estimation methods to
predict the rotational noise of a fan considered as a free
running propeller of the same geometry led, in at least
one case, to calculated noise levels far below the measured
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values. Even if good agreement had been obtained, pres-
ently available data do not show what the effect of the
ducting would be.

In propeller noise theory, the forces acting on a blade
are considered to be steady; the periodic fluctuations
occur at points fixed in space as the blade passes. In a
fan, however, the aerodynamic forces acting on the blade
itself can be periodically fluctuating because of passage
of the blade through a periodically varying velocity field.
This condition occurs when the rotor is operating in the
wake of support struts, stators, or inlet guide vanes.
Theoretical analysis and test data have shown that this
unsteady blade loading is greater than the propeller type
noise and is the dominate source of discrete frequency
noise in fan systems using closely spaced stators. Re-
ductions in noise levels of from 4 to 22 dB have been
obtained experimentally through the removal of stator
rows. Figure 15, taken from Ref, 23, shows the effect of
rotor-stator spacing on perceived noise level.
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Fig. 15. Effect of rotor-stator spacing (udapted
from Hickey, Ref. 23)

C. Scaling Law

As an improvement over an older method of predicting
compressor and fan noise by scaling on shaft horsepower,
Sowers (Ref. 26) has developed a method that normalizes
a large amount of experimental data into a single curve
using an energy flux concept (Btu/s ft?) and the scaling

parameter
A [ Dp\?
10log B ( DT>

where:

A, = rotor annulus area, ft2

1 = rotor rpm

15



B = number of rotor blades

Dy
D, = ratio of.rotor hub to rotor tip diameter

The normalized acoustic performance curve from
Ref. 26 is shown in Fig. 16. This empirical curve is based
on a considerable amount of data on designs ranging from
a 62-in. VTOL lift fan to scale model compressors. The
abscissa represents the total energy of the air leaving the
fan or compressor rotor stage on a per unit time and area
basis. The ordinate of the curve was obtained by Sowers
from a parametric study of various design parameters and
associated noise data. Details of a noise prediction method
using Fig. 16, as developed by Sower, are presented in
Appendix D.

The method appears to normalize a large amount of
available data within an acceptable degree of accuracy
and is one means by which fan noise may be predicted.
One common characteristic of all data shown in Fig. 16
is a relatively close rotor-stator spacing. Some effects of
increasing this spacing have been shown in Fig. 15. As
more data become available, the effect of this parameter
in the terms of Fig. 16 should be investigated. Data from

the limiting case of no stators over a range of energy
flux values should be used to determine if a family of
curves for different rotor-stator spacing is required. For
the present, the effect might be estimated by making a
correction to the sound pressure level obtained by the
method given above.

In a recent paper (Ref. 27) Hargest characterizes the
problem of fan noise prediction as being extremely diffi-
cult to quantify and states that fan designs must be
examined in fine aerodynamic and mechanical detail in
order to make realistic noise estimates.

To illustrate the complexity of the situation, he lists
the following potentially significant parameters:

(1) Inlet pressure.

(2) Inlet temperature.

(3) Temperature rise,

(4) Pressure rise.

(5) Tip diameter,

(6) Hub diameter.
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Fig. 16. Normalized overall power of compressor
and fan noise (adapted from Ref. 26)
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(7) Number of blades.
(8) Blade chord.
(9) Rotor-stator spacing.
(10) Number of stages.
(11) Mass flow,
(12) Deviation from optimum incidence.
(13) Power.
(14) Rotational velocity.

To which might be added, for a particular fan installa-
tion, effects of duct configuration, turbulence level, and
guide vane eflects.

Although it is clear that the present methods of esti-
mating fan noise cannot be used for more than very
preliminary purposes, and even then with caution, they
are able to give indications of the direction which the
design of quiet fans must take. Some workers (Ref. 28)
expect advanced lift fans of practical design to be operat-
ing in the vicinity of 95 PNdB at 500 ft, by the mid-1970s.
This represents a reduction in noise level over present
multistage fans or single stage with inlet guide vane de-
signs of 25 PNdB due to improved design.

The effects of atmospheric attenuation are worthy of
discussion, since they may represent a significant advan-
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tage which the lift fan has over other lift devices.
Figure 17, taken from Deckert’s paper in Ref. 23, shows
the attenuation of noise levels for several STOL designs.
The figure shows that the propeller-rotor-driven aircraft
generate less perceived noise up to about 2,000 ft, but
beyond that point the lift fan aircraft becomes appreciably
more quiet. This occurs because a greater portion of the
acoustic energy of the lift fan aircraft is generated at the
higher frequencies where atmospheric attenuation is
greater.
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{////W///

80

MAXIMUM PINdB
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Fig. 17. Noise generated by STOL aircraft, 50,000 to
95,000 1b gross weight (adapted from Deckert, Ref. 23)
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Appendix A

Explanation of Some Fundamental Terms

While no attempt at assembling a complete glossary of
terms used in acoustics is intended, these explanations of
some of the more important terms used here and else-
where in the literature may be useful to the reader who is
unfamiliar with the field.

Sound Power

One of the principal characteristics of a sound source
is its ability to radiate power in the form of acoustic waves.,
If energy losses to the air are neglected, then all of the
sound power W must pass through any surface completely
enclosing the source, and therefore W is independent of
distance from the source.

Sound Intensity

The intensity I of a sound is the average rate at which
power is radiated through a unit area normal to the direc-
tion of wave propagation (W /m?)

(A-D)

where S is total surface area. This term is difficult to
measure directly,

Effective Sound Pressure

Because the voltage outputs of the microphones com-
monly used in acoustic measurements are proportional to
pressure, sound pressure is the most readily measurable
variable in a sound field. Effective sound pressure is de-
fined as the square root of the mean-square (rms) of the
instantaneous sound pressure at a point over a time inter-
val according to the equation

=7 [0a]

where p’ is the instantaneous sound pressure, i.e., the
incremental charge from atmospheric pressure caused by
the passage of a sound wave over the point, and T is the
time interval over which the sample is considered. For
free progressive plane and spherical waves, there is a
simple relationship between the mean-square sound pres-

(A-2)
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sure and the intensity

-r :
I=- 5 (W/m?) (A-3)

where p? is the mean-square sound pressure (microbar);
p is the density of air (kg/m?®), and c¢ the speed of sound
in air (m/s).

Sound Power Level

Because of the very wide range of radiated acoustic
power from common sources (ranging, for instance, from
a radiated sound power of 107 W for a large rocket engine
to 10 W for a soft whisper) a logarithmic scale which
describes the ratio of a particular power relative to a
reference power has been employed for convenience. The
unit implying a given ratio between two powers is called
the decibel (dB) and may be defined as

Sound-power level = PWL = 10log dB re W,y

(A-4)

w
Wre f

The term, level, added to any acoustically related quantity
is used to indicate a logarithmic rather than linear scale.
The reference power level is usually defined as having a
value of 10-* W. Sound power level is conveniently used
to determine overall noise magnitude regardless of the
location of the noise, because it is not a function of dis-
tance from the noise source.

Sound Intensity Level

A decibel scale for sound intensity level can be defined
by using a ratio of quantities proportional to sound power
(Eq. A-4) just as was the sound power scale

Intensity level =1L = 10log (A-5)

I
re Iref
ef

I,
The reference intensity I, is usually taken as 102 W/m?,

Sound Pressure Level

Again, by means of Egs. (A-1) and (A-3), a decibel scale
for effective sound pressure can be defined as a ratio of
quantities proportional to acoustic power as .
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2

P
Sound pressurelevel == SPL = 10 log

2
ref

= 201log re P,

(A-6)

Pref

where P, is commonly taken as 0.0002 dynes/cm? or
equivalent. This value was chosen because it approxi-
mately represents the hearing threshold at 1000 Hz for a
young man with normal hearing. The reference value for
sound intensity was set at I,.; = 102 W /m? in order that
the intensity level and sound pressure level would be
nearly equal numerically for plane or spherical waves in
air at room temperature and sea level pressure. Likewise,
the reference sound power, W,; = 10* W was chosen
so that the sound power level and sound pressure level
would be approximately but simply related to each other
when the area of the surface being considered is in square
feet. The relationship is

SPL=PWL — 10logSdB re 0.0002dynes/cm?

(A-T)

where S is the surface area through which the sound
power is radiated, ft.

Spectrum Level

The spectrum level at a specified frequency is the sound
pressure level within a band 1-Hz wide centered at the
frequency. The unit is the decibel.

Overall Sound Pressure Level

This unit, which is a logarithmic measure expressed in
decibels, is the simplest form of acoustical measurement.
It merely expresses the maximum pressure experienced
without regard to frequency or any other effect.

Weighted Sound Pressure Level

Since human hearing does not have a flat frequency
response, sound level meters incorporating weighting net-
works (which essentially provide the instrument with a
hearing response more typical of the human ear) were
designed. Sound level measurements made with such
meters are usually referred to in terms such as dBA or
dBB where A and B describe particular frequency weight-
ing networks. The notation dBC is essentially that of a
flat response and therefore is the same as overall sound
pressure level.
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Octave Band Specirum

Recognizing that noise must be described by both
amplitude and frequency, a common measurement sys-
tem used to describe the full range of frequencies is sound
pressure level by octave band. In this case, the spectrum
is analyzed through filters, each of whose center frequency
is twice that of the preceding one. This describes the
noise in terms of eight or nine sound pressure levels, each
associated with its own center frequency. Although these
measurements do describe both the amplitude and the
frequency characteristics of a given sound, they are not
convenient to use when one thinks of criteria or evalua-
tion numbers, because they do not provide a single index
that represents any specific characteristic of the particu-
lar sound.

Loudness Level

In an effort to return to a single number rating which
might be more indicative of the effect that a complete
spectrum would have on an individual, the concept of
loudness level was developed (Ref. 29) in which the sound
pressure level in each octave band was given a weighting
which was a function of hearing sensitivity in that octave
band. This provides more emphasis on the middle fre-
quency range in which hearing is most acute and de-
emphasizes the extreme ends of the spectrum. The stan-
dard sound has been chosen to be a 1000-Hz tone. The
loudness level of any other sound is defined as the sound
pressure level of a 1000-Hz tone that sounds as loud as
the sound in question. The unit of the loudness level is
the phon. For example, if a 1000-Hz tone with a sound
pressure level of 70 dB re 0.0002 microbar sounds as loud
as a certain square wave, the square wave is said to have
a loudness level of 70 phons.

Perceived Noise Level

Recognizing that loudness level might not necessarily
describe a more subjective reaction such as annoyance,
Kryter (Ref. 30) introduced the concept of perceived noise
level (PNdB). This method, which was originally used for
jet aircraft noise ratings, is similar in application to loud-
ness level, but the weighting scale developed was based
on annoyance criteria rather than simply on equal loud-
ness.

Effective Perceived Noise Level

Recent research, still in progress, has further refined
the perceived noise level concept by inclusion of factors
to express the added annoyance due to time duration to
which a subject is exposed to the noise, and the presence
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of pure tones, which prove more irritating than broad- A more detailed discussion of the subjective corrections
band noises of the same sound pressure level. The unit of  and associated terms together with methods of compu-
effective perceived noise level is the decibel EPNdB. tation is contained in a recent report by Sperry (Ref. 31).
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Appendix B

Generalized Propeller-Noise Estimating Procedure®

In order to fulfill the increasing need for a simple gen-
eralized method of estimating near- and far-field propeller-
noise levels during the design of military or civilian
aircraft, a method, based in part on information in the
referenced literature, has been developed. The method
is divided in two parts: (1) estimate of near-field pro-
peller noise (defined as noise at locations within one
propeller diameter of the propeller tip), and (2) estimate
of far-field propeller noise (defined as noise at locations
greater than one propeller diameter from the propeller
tip). In each case, a sample estimate follows the descrip-
tion of the estimating procedure.

The accuracy of near-field estimates was determined
from a comparison of estimated levels with measured
levels of various propellers of several diameters during
test stand and in-flight operation. In general, the accuracy
of estimated near-field overall and fundamental frequency
noise levels were found to be within +5 to —9 dB of
measured levels. However, for propellers up to 15 ft in
diameter, where the tip Mach number to horsepower ratio
is less than 0.003 (i.e., M,;/HP < 0.003), estimated overall
and fundamental frequency noise levels were within
+3 dB of measured levels.

Only limited, measured far-field data were available
for comparison with estimated levels; however, for the
few comparisons made (at distances up to 500 ft) esti-
mated overall levels were within =10 dB of measured
overall levels. For distances greater than 500 ft, the accu-
racy of far-field noise estimates is limited even further
by variable atmospheric parameters such as temperature
distribution, wind direction, wind velocity, atmospheric
absorption and humidity. Therefore, estimates of noise
at great distances from a propeller using the attached
method should be considered only as first approximations
under ideal conditions.

A. Estimate of Near-Field Propeller Noise

The steps in determining near-field propeller-noise
levels on the fuselage (see Fig. B-la) during static and
dynamic conditions are:

*The procedure was extracted as a unit from Ref. 4 and is presented
here for convenience.,
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(a) GENERAL CASE

FUSELAGE

=X

L
fe—z—» L/x\_/\’

() EXAMPLE

300 HORSEPOWER (SN

FUSELAGE

o 11 —pofa1.25 1120

POINT OF
INTEREST

Fig. B-1. Near-field axis system

(1) Obtain a reference level L, from Fig. B-2. This
gives a partial level based on the power input to
the propeller.

(2) Calculate the correction to the partial level for
number of blades and propeller diameter; add
20log4/B where B is the number of blades; and
add 40log 15.5/D where D is the propeller diam-
eter in feet.

(3) Obtain the correction factor from Fig. B-3. This

accounts for the rotational speed of the propeller
(M, = in-plane tip Mach number) as well as the
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distance from the point of interest to the propeller
disc.

(4) Obtain the correction factor from Fig. B-4. This
corrects for fore and aft (with reference to the plane
of propeller rotation) fuselage position.

(5) Obtain the correction factor from Fig. B-5. This
accounts for the effect of a reflecting surface (fuse-
lage) in the sound field.

(6) Sum the data from steps 1 through 5 to estimate
the overall sound pressure level at the point of
interest.

(7) The harmonic distribution of the noise estimated
in steps 1 through 6 is found in Fig. B-6. (M, = true
tip Mach number, including the forward flight
component.)

(8) The harmonic levels of step 7 are combined using
the chart in Fig. B-7 to derive octave band levels.

B. Sample Calculation of Near-Field Noise

A sample calculation of near-field noise (see Fig. B-1b),
using the method described in the preceding paragraphs,
is presented here.

Aircraft speed V; 125 knots = 210 ft/s
Propeller diameter D 9 ft
Power to propeller 300 hp
Propeller speed n 1584 rpm
Number of blades B 3
Radial distance Z from 1.25 ft
propeller to interest point
Fore/aft distance X from 0 ft
propeller to interest point
Speed of sound ¢ 1125 ft/s
‘ Partial
noise
level,
dB
Step 1. From Fig. B-2, L, 121.0
Step 2. Add 20log(4/3) +2.5
Add 401og (15.5/9) +9.5
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PARTIAL LEVEL L, dB re 0.0002 dyn/cm2

CORRECTION, dB
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Fig. B-2. Reference level
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Fig. B-3. Correction for speed and radial distance

Step 3. Z/D = 1.25/9 = 0.139
V=n+*D+n/60 =3.14-9-°1584/60
=746 {t/s
M;=V,/c ="T46/1125 =0.66
Then, from Fig. B-3, the correction
is: -1
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Fig. B-5. Effect of reflecting surfaces in pressure field

Fig. B-7. Chart for combining noise levels
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Fig. B-4. Variation of over-all, free-space propeller noise
levels with axial position X/D fore and aft of propeller
plane
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Step 4. Z/D = 0.139

X/D=0

Then, from Fig. B-4, the correction

is: 0
Step 5. X/D =0

The fuselage has a circular wall,
Then, from Fig. B-5, the correction
is: +4

Step 6. The summation of steps 1 through 5
gives the overall sound pressure
level on the fuselage at location

1 2 3 4
Harmonics
Preferred  ofblade Octave
octave passage Harmonic levels,dB  band
passbands, frequency (step 7, column 4) level,
Hz (step 7, dB?
column 2)
45-90 79 134.0 134.0
90-180 158 127.0 127.0
180-355 237,316 123.0, 120.0 124.7
355-710 395,474, 118.0,117.0,116.0,116.0 123.0
553, 632
710-1400 711,790 116.0,116.0 119.0
1400-2800 - - —
2800-3600 — - —
5600-11,200 - — —
Overall 1354

C. Estimate of Far-Field Propeller Noise

The steps in determining far-field propeller noise levels
during static and dynamic conditions are:

(1) Obtain a reference level L, from Fig. B-2. This
gives a partial level, based on the power input to
the propeller.

(2) Calculate the correction to the partial level for
number of blades and propeller diameter; add

3When more than two levels are to be added, add in pairs using
Fig. B-7, ie.,

4

Z=125f, X =0ft 136.0
Step 7. Overall sound pressure level = 136.0
The fundamental blade passage
frequency = B+n/60 =79 Hz
_(Vi+ Ve (7462 + 210%)%
M h— c - 1125 —_ 0.69
1 2 3 4
Harmonic
Harmonic  Frequency, level, dB Harmonic
order Hz re overall SPL level, dB
(from Fig. B-6)
Fundamental 79 —2 134.0
2 158 -9 127.0
3 237 —13 123.0
4 316 —16 120.0
5 395 -18 118.0
6 474 -19 117.0
7 553 —20 116.0
8 632 —20 1160
9 711 -20 116.0
10 790 —20 116.0

Step 8. The octave band levels are derived by grouping
the harmonics (step 7, column 4) of the blade
passage frequency within the associated pre-
ferred octave bands and combining the levels
using Fig. B-7.

24

1 2 3
Difference Value from Sum of value in
Levels to be between Fi u§_7(;0r column 3 and
combined, pairs in diﬂirence of higher level
dB column 1, Jumn 2. dB from pair of
dB column =, column 1, dB
118.0 )
117.0 1 2.6 120.6
116.0 0 3.0 119.0
116.0
5 6 7
Sum of value in
Difference between Value from Fig. column 6 and
pairs in column 4, B-7 for difference higher level
dB of column 5, dB from column 4,
dB
1.6 24 123.0
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-16
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20log 4/B, where B is the number of blades; and
add 40log 15.5/D, where D is the propeller diam-
eter in ft.

Obtain the correction factor from Fig. B-3. This
accounts for the rotational speed of the propeller
(M; = tip Mach number) as well as the distance
from a radial reference point to the propeller disc.
Always use Z =1 ft.

Obtain the correction factor from Fig. B-8. This
accounts for the directional characteristics of sound
propagation from a propeller.

Correct for attenuation due to the normal spherical
spreading of sound.

Subtract 20log (r — 1), where r is the distance, in
ft, from the center of the propeller.

Sum the data of steps (1) through (5). This gives
the overall sound pressure level at the point of
interest.

The harmonic distribution of the noise estimated in
steps 1 through 6 is found in Fig. B-6.

The harmonic levels of step 7 are combined using
the chart in Fig. B-7 to derive octave band levels.
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Fig. B-8. Polar distribution of overall noise
levels for propellers
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(9) Correct for attenuation due to molecular absorp-

tion of sound in air using the values in Fig. B-9.
Mid-frequency corrections for ground absorption,
when the source and receiver are located near the
ground, have not been included in this estimating
method.

D. Sample Calculation of Far-Field Noise

ATTENUATION FROM NOISE SOURCE, dB/1000 ft

A sample calculation of far-field noise (see Fig. B-10),
using the method described in the preceding paragraphs,
is presented here.

Propeller diameter D 9ft
Power to propeller 300 hp
Propeller speed n 1584 rpm
Number of blades B 3
Speed of sound ¢ 1125 ft/s
Distance to far-field 1000 ft
point of interest r
Azimuth angle § 90 deg
Distance to reference pointZ  1ft
Partial
noise
level, dB
Step 1. From Fig. B-2, L, 121

/

/

d

/'

%5~
90

90~
180

180-
355

355~ 710-
710 1400

OCTAVE PASSBANDS, Hz

1400- 2800- 5600~
2800 5600 11,200

Fig. B-9. Molecular absorption of sound in air
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Step 2. Add 201og (4/3) 2.5
Add 40log (15.5/9) +9.5

Step 3. Z/D = 1/9 = 0.111

x+Den _ 314-9-1584

Vi= "% 60

= 746 ft/s

M= % — 746/1125 = 0.66

Then, from Fig. B-3, the correction

is: —1.0
Step 4. From Fig. B-8, for § = 90 deg, the

average correction is: 0
Step 5. Subtract 20 log (999) —59.2

Step 6. The summation of steps 1 through 5 72.8

Step 7. Overall sound pressure level (SPL) = 72.8dB
The fundamental blade passage frequency

{d) GENERAL CASE P

s

<

(b) EXAMPLE

\/\—_
POINT OF INTEREST-
©- O
NV L.
90 deg
1000 ft———————]

Fig. B-10. Far-field axis system
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36;)" = 79 Hz
1 2 3 4
Harmonic
Harmonic  Frequency, level, dB Harmonic
order Hz re overall SPL,  level, dB
(from Fig. B-6)

Fundamental 79 —2 70.8

2 158 —9 63.8

3 237 —13 59.8

4 316 —16 56.8

5 395 —18 54.8

6 474 —19 53.8

7 553 —20 52.8

8 632 —20 52.8

9 711 —20 52.8

10 790 —20 52.8

Step 8. The octave band levels are derived by grouping
the harmonics (step 7, column 4) of the blade
passage frequency within the associated pre-
ferred octave bands and combining the levels
using Fig. B-7.

1 2 3 4
Harmonics
of blade Octave
Preferred . ;
octave pass- fpassage Harmonic levels,dB  ‘band
bands Hy reduency (step7,column4)  level,
’ (step7, dB+«
column 2)
4590 79 70.8 70.8
90-180 158 63.8 63.8
180-355 237,316 59.8,56.8 61.5
355-710 395,474, 54.8,53.8,52.8,52.8 59.8
553,632
710-1400 711,790 52.8,52.8 55.8
1400-2800 — - —
2800-5600 — — —
5600-11,200 — - -
Overall 72.3

*When more than two levels are to be added, add in pairs (see
step 8 of the sample calculation of near-field noise).
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Step 9.

1 2 3
Octave band levels,
Preferred Octave band dB, corrected for
octave pass- level, dB molecular

bands,Hz  (step8,column4) absorption of sound
(from Fig. B-9)

45-90 70.8 70.8
90-180 63.8 63.6
180-355 61.5 60.9
355-710 59.8 58.7
710-1400 55.8 54.0
1400-2800 — —
2800-5600 - —
5600-11,200 — —
Overall 72.2
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Appendix C

Generalized Rotor-Noise Estimating Procedure

Most current rotor-noise prediction analyses are cum-
bersome and require tedious computer operations. Largely
limited by the accuracy of air load input data and tran-
sient conditions, these arduous processes result in far-field
rotational noise predictions no better than =8 dB of ac-
tual measurements in most cases. Simplified hand calcu-
lations, which reduce the accuracy by only a few percent
then, become valuable tools for cursory analyses and
studies of parametric trends. Step-by-step procedures are
presented for the calculation of both rotational and vortex
noise emanating from rotors. No simple analysis has been
developed for prediction of blade slap noise.

Lowson (Ref. 12) has made simplifying assumptions to
his closed-form analytic solution which enabled him to
develop a set of charts useful for predicting parametric
trends associated with the rotational noise generated by
a rotor in steady flight. With careful use, the procedure
can yield any reasonable number of noise harmonies, at
any point in the far field, to within 2 dB of the value
obtained by computer techniques.

When treated separately, overall vortex noise has tra-
ditionally been predicted by simple hand calculations.
Schlegel (Ref. 13) has refined the method somewhat and
developed (by empirical means) a procedure by which

ROTOR DISC

spectral shape over the first few harmonies may be simply
generated. For the case of steady uniform inflow, com-
parison with experiment indicates that the accuracy is
within =2 dB and appears to demonstrate valid para-
metric trends.

A. Estimate of Rotor Rotational Neise®

The following parameters are required in the rotational-
noise calculations using the design charts (see Fig. C-1):

x,y,2 Field point coordinates relative to helicopter
measured in ft, with x measured positive in the
direction of motion (parallel to ground in
hover), y measured at 90 deg to « in the plane
of the disc, z measured downward from heli-
copter. (Results for +y equal results for —y.)

Disc area, ft? (or T/A = disc loading in 1b/ft?)

n  Rotor angular velocity, rad /s (n =rpm X 2x/60)
Flight velocity, ft/s

¢ Speedof sound in free air, ft/s

is Disc incidence (angle between disc and x-axis),
deg

*The procedure was extracted as a unit from Ref. 12 and is presented
here for convenience.

-l
-l

Fig. C-1.
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m Sound harmonic (equals 1 for fundamental,
2 for second harmonic, etc.)

B Number of blades
T Thrust, Ib
R Rotor radius, ft
1. Instructions for use of design charts (a-1 of Fig. C-2).
To calculate the rotational noise spectrum occurring in-

stantaneously at any point P, relative to the rotor center
and its direction of motion, perform the following steps:

(1) Calculate range r = (x® + y2 + z2)%

(2) Calculate the rotational Mach number M; M =
0.8nR/c

(3) Calculate the flight Mach number My = V/c

(4) Calculate the angle ¢’ between the flight direction
and the line joining the rotor and the field point
6’ = cos™ (x/r)

(5) Calculate the effective rotational Mach number
Mg=M /(1 — Mgpcost’)

(6) Calculate the angle § between the rotor plane and
the line 7. If the disc incidence is ig, this is given by

§ = tan™ [@Wzy"’)@] i [m]

(7) Using the values of Mz and 6, see appropriate sheet
of Fig. C-2 to obtain values of the harmonic sound
pressure level Iy for N =2,3,4,6,8,10, 12,16, 20,
30, 40, and 60.

(8) Correct the values obtained for thrust, disc loading,
and distances according to

T
SPLy = [IN + 11+ 10log rz (Z\)]

dB re 0.0002, dyne/cm?

(9) Plot the sound pressure level spectrum SPLy against
N and fit a smooth curve.

(10) The sound pressure levels from the above curve for
N =B,2B,3B, - - - give the required harmonic
level at the point x,y, z.

(11) The fundamental frequency is

nB/[2= (1 — My cos §)] Hz.
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2. Sample calculation of rotor rotational noise. Calcu-
late the rotational noise spectrum 1000 ft from a three-
blade rotor at an angle of 20 deg below the flight path in
the steps following for the following parameters: T =
10,000 Ib, T/A =7 Ib/ft2, V = 200 ft/s, i; = 5 deg, R =
214 ft, n = 28 rad/s and ¢ = 1117 {t/s

(1) = 1000 ft

(2) M =08 X 600/1117 = 0.429

(3) My = 200/1117 = 0.179

(4) 0" = 20 deg

(5) My = 0.429/(1 — 0.179 X 0.938) = 0.516
(6) 6 =20 —5=15deg

(7) From charts:

N 2 3 4 6 8101216203040 60
Iy 84.5 82.5 81.5 76.5 71 66 62 57 54 48 44.5 38.5

o 10,000
(8) Correction = 10 log< 1000°

N 23468 10 12 16 20 30 4060
SPLy 85 83 82 77 71.5 66.5 62.5 57.5 54.5 48.5 45 39

7> +11= +05dB

(9 and 10) The results of steps 9 and 10 can be seen
in Fig. C-3.

(11) The fundamental frequency in this case is

nB B (28) (3)
97 (L — Mpcos8)  2x[1 — (0.179) (0.966)]

= 16.1Hz

B. Estimate of Rofor Vortex Noise

1. Procedure for calculations. The procedure for calcu-
lating the sound pressure level of vortex noise® from a
rotor under conditions of uniform inflow is presented
below. Schlegel’s equation for overall vortex noise at
300 ft is
6.1 X 102" A, (V,.7)® C,

10-% -+ 20 log 0—4

SPL40, = 101og

Here, A; is the blade area in ft? and C,, is the effective
lift coefficient based on the velocity of the 0.7 radius
station.

6See Ref. 13.
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More conveniently, this equation may be written for
sea level 70°F conditions as

SPLgoo - 10 (2 log Vo_7 + 210g T - log Ab - 3-57)

To calculate the overall SPL of vortex noise from this
equation, use the following steps:

(1) Calculate the linear velocity of the 0.7 radius sec-
tion of the rotor

nxD

VO.'( = 0.7 60

(2) Determine the thrust, if not given, in a hover con-
dition as equal to the weight of the aircraft.

(3) Calculate blade plan form area and multiply by
the number of blades for total blade area, A;.

(4) Substitution into the vortex sound-pressure level
equation yields the overall vortex noise SPL at
300 ft. Neglecting atmospheric attenuation, the SPL
at any other distance, x, may be computed from
the inverse square law

SPL., = SPLyoo — 20log 50>

(5) An approximation to the vortex spectrum shape
may be determined by first calculating the peak
frequency from the modified Strouhal equation

_ (Vo) St
F==
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In the usual Reynolds number range for a heli-
copter rotor, the Strouhal number (St) may be taken
to be 0.28.

The projected blade thickness h is defined by
h=Dbcosa+ asina

where b is the blade thickness, a the chord length,
and « the angle of attack.

(6) With f and the overall SPL determined, plot a vor-
tex noise octave band spectrum with the help of
Figs. 10a or 10b.

2. Sample calculation of rotor vortex noise. Calculate
and sketch the vortex noise spectrum 1000 ft from a three-
blade rotor in the following steps, for the following pa-
rameters: T = 10,000 1b, R=213 ft, n=270 rpm,
a=10 ft, and b =0.16 ft

n=D 270
(1) Vor= 0'7__60~ =0.7 °E(3.14) (426) = 4921 ft/S

(2) T = 10,0001b
(3) Ay =B-R+a=3(21.3)(1.0) = 64 f¢
(4) SPL3y, = 10(2log Vo, + 2log T — log A, — 3.57)
= 10 (2log 421 + 2log 10,000
— log 64 — 3.57)
=787dB re 0.0002dynes/cm?

and

SPLIOOO = SPL300 — 20 log 1?(:)_03_)

= 682dB re 0.0002dynes/cm?
(8) h = bcosa + asine = (0.16) (0.999)
+ (1.0) (0.052) = 0.212 ft
s0

421 (0.28)

0213~ oo0Hz

f = V0,7 St/h —
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(6) With the overall SPL and peak frequency deter-

34

mined, the spectrum for an unstalled blade may be
constructed from Fig. 10a as follows

At%f  SPL = 68.2 — 8.0 = 60.2
f  SPL =682 — 40 =642
9f  SPL =682 — 8.0 = 60.2
4f  SPL =682 — 9.0 = 59.2
8f SPL =682 — 13.0 = 55.2
16f SPL =682 — 140 = 54.2

Results are shown in Fig. C-4.
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Fig. C-4. Results of vortex noise sample calculation
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Appendix D

Generalized Lift-Fan-Noise Estimating Procedure’

Since the curve of Fig. 16 is based on sound power, weight flow rate W divided by the rotor annulus
the fundamental acoustic parameter, it allows the designs area
of various vehicles to be compared directly. This type of H: XW Btu
analogy is useful from both a research viewpoint and a E= A, (ﬁ{ >

design viewpoint. For research, the normalized curve

eliminates many of the irregularities presently found in fan

and compressor noise measurements. For the designer, {a) GENERAL CASE
the normalized curve provides a basis on which the vari- |

ous design parameters (rotor annulus area A,, rotor speed /\
n, rotor blade number B,, hub—tip ratioc D/D;, fan air <
flow W, and discharge total temperature T7) may be eval-
uated to determine the optimum combination for mini-
mum noise ‘generation.
The evaluation of advanced designs may be extended - - < - -

|
from the sound power level, determined by the normal-
ized power curve, to a sound pressure level SPL, by using
additional normalized or average results from the test [
data. This is particularly important when the advanced
design must conform to an SPL far-field acoustic require- \/

ment.

1
T e

A. Calculation of Fan Noise

-+~
The steps in determining fan noise from a given set of

geometric parameters (see Fig. D-1a) and operating con-

ditions are as in the following steps:
(b) EXAMPLE

(1) Calculate the rotor annulus area A, from the known '
hub and tip diameters. 54 BLADES

A= on|1- (52) ] de)

(2) Calculate the discharge total temperature as the 7
sum of the known inlet total temperature and the
known temperature rise per stage.

Tp =T + AT (°R)

(3) Obtain the discharge total enthalpy H, from gas
tables, knowing Tv. ‘ /

(4) Calculate the energy flux per unit area as the prod- |
uct of the discharge total enthalpy and the known 30

40 in g P

"The procedure was extracted as a unit from Ref. 12 and is presented
here for convenience. Fig. D-1. Lift fan axis system
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(5) From Fig. 16, knowing the energy flux per unit
area, obtain a value for

2
PWL — 10log Ag" (-—gﬁ)
T

which is the normalized overall sound power.

(6) Solve the expression obtained in step 5 for overall
sound power by substituting given or computed
values for rotor annulus area, A,, rotor speed n,
hub-tip diameter ratio (Dy/Dy), and rotor blade
mumber B.

(7) The harmonic distribution of the sound power esti-
mated in steps 1 through 6 is found in Fig. D-2
which is the result of averaging the measurements
taken on various flow configurations although a
considerable spread is found in the harmonic power
spectrum data.

(8) Obtain sound pressure levels from sound power
levels, knowing the directivity index DI and the
distance from the source r by the following equa-
tion:

SPL = PWL + DI — 20logr — 10.5

A value of 5 for the directivity index DI can be
used since this corresponds to an average DI at the
angle of maximum noise for a number of experi-
mental measurements.

The angle of maximum noise or directivity was not
normalized; thus, the SPL calculated can only be assumed
to be in the vicinity of 30 to 60 deg from the inlet or
exhaust of the vehicle. This range for the angle of maxi-

POWER LEVEL, dB
/

SPECTRUM SOUND POWER LEVEL
RELATIVE TO OVERALL SOUND

0 1 2 3 4 5 6 7 8
HARMONIC NUMBER

Fig. D-2. Normalized power spectrum of
compressor and fan noise
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mum noise is a reasonable value based on experimental
data. If a design is to be considered that is similar to one
on which a polar plot of noise level is available, a more
realistic value for the angle of maximum noise may be
determined.

B. Sample Calculation of Fan Noise

As an illustration of the procedure discussed, assume
the following fan design parameters:

Outer diameter r = 401in,
Inner diameter Dy = 301in.
Weight flow W = 1501b/s
Stage temperaturerise =~ AT = 15°R
Rotational velocity n = 8,000 rpm
Number of rotor blades B = 54

Inlet temperature T = 520°R

Perform the following steps:

(1) Compute the rotor annulus area

A=2x% (DT)Z[I - (—%’—)} =2 X G%) [1— 0562]

A, = % X 11.2 X 0.438 = 3.85 ft*

(2) Compute the total temperature at the discharge,
assuming a single stage fan

Ty =T + AT = 520°R + 15° = 535°R

(3) Obtain the total enthalpy at the discharge from gas
tables

Btu

Hy =128 i

at535°R

(4) Calculate the energy flux per unit area -

_HpXW _128X150 _ o0 o Bu

E A, 3.85 s-ft
(5) Obtain the normalized overall sound power from
Fig. 16.
ALE = 499 X 10° o2
s-ft?
AnfDy\e
PWL — 10log B (DT) = 133dB
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(6) Solve the expression obtained in step 5 for overall Second harmonic = PWL — 5.5 = 158 — 5.5

sound power = 1525dB
Agn 3.86 X 8000 (8) Calculate the sound pressure level at the angle of
2 = _———
10log B (Du/Dr)* = 10log 54 X 0.562 maximum noise and at a distance r of 100 ft.
= 10log 321
=10 X 2507 = 25 SPL = PWL + DI — 20logr — 10.5

SPL = 158 + 5 — 201og 100 — 105

PWL = 133 4 25 = 158 dB overall — 163 — 40 — 105 = 163 — 505

(7) Obtain the sound power spectrum from Fig. D-2, SPL = 112.5 dB at 100 ft, angle of maximum noise
knowing the overall sound power from step 6. (Only
the first and second harmonies are computed here.) The above procedure allows a direct analysis of the
acoustic performance of a development vehicle based on
First harmonic = PWL — 35 =158 — 35 the fan design parameters. The question of installation
= 154.5dB effects, however, requires further analysis.
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Appendix E
V/STOL-Noise Bibliography

The material contained in this bibliography was col-
lected during a review of noise technology as related to
V/STOL aircraft and is, therefore, considerably broader
in scope than the main body of this paper. Placement of
references within the various divisions used for the sake
of convenience are necessarily quite arbitrary in some
cases, but an attempt was made to place each reference
in its category of major emphasis. A very brief description
of the scope of the division is included at the beginning
of each section.

I. Rotors, Propellers, and Lift Fans

Included are references covering all types of noise pro-
duced by these devices, together with closely related
aerodynamic studies.

“Aerodynamic Problems Associated with V/STOL Air-
craft,” CAL/USAVLABS Symposium Proceeding,

Vol. 1, Propeller and Rotor Aerodynamics, Buffalo,
N. Y., June 1966.

Arnoldi, R. A., Propeller Noise Caused by Blade Thick-
ness, United Aircraft Report R-0896-1, E. Hartford,
Conn., Jan. 1956.

Cheesman, I. G., and Seed, A. R., “The Application of
Circulation Control by Blowing to Helicopter Rotors,”
J. Roy. Aeronaut. Soc., Vol. 71, pp. 451-467, July 1967.

Conference on STOL Transport Aircraft Noise Certifi-
cation, Sponsored by the Federal Aeronautics Admin-
istration of the Dept. of Transportation, Report No.
FAA-NO-89-1, TR 550-003-03H, Washington, D. C,
Jan. 30, 1969.

Cox, C. R., Full-Scale Helicopter Rotor Noise Measure-
ments in Ames 40 X 80 Foot Wind Tunnel, Bell Heli-
copter Report No. 576-099-052, U. S. Army Aeronautical
Research Laboratory, Ames Research Center, Moffett
Field, Calif., Sept. 27, 1967.

Cox, C. R, “Helicopter Noise and Passive Defense,” Bell
Helicopter Co, Am. Helicopter Soc. 19th Annual Na-
tional Forum, A63-18693, pp. 156-163, New York, 1963.
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Cox, R. C., and Lynn, R. R., A Study of the Origin and
Means of Reducing Helicopter Noise, Rept. 299-099-180,
TCREC-TR-62-73, N63-11749, Nov. 1962. Ft. Eustis, Va.

Curle, N., “The Influence of Solid Boundaries Upon Aero-
dynamic Sound,” Proc. of Royal Soc., Ser. A, Vol. 231,
London, 1955.

Davidson, I M., and Hargest, T. J., “Helicopter Noise,”
J. Roy. Aeronaut. Soc., Vol. 69, No. 5, pp. 325-336, May
1965.

Davis, D. O. and Coplin, J. F., “Some VTOL Powerplant
Design and Development Experience,” . Roy. Aeronaut.
Soc., Vol. 70 p. 671, Nov. 1966.

Dodd, K. N., and Roper, G. M., A Deuce Program For
Propeller Noise Calculations, RAE TN No. M.S. 45,
Farnsbourgh, Hants, England, Jan. 1958.

Fage, A., and Johansen, F. C., “On The Flow of Air Be-
hind an Inclined Flat Plate of Infinite Span,” Royal Soc.
Proc., Ser. A, Vol. 116, p. 7, May 1927.

Fricke, F. R. and Stevenson, D. C., “Pressure Fluctuations
in a Separated Flow Region,” J. Acoust. Soc. of Am.,
Vol. 44, No. 5, pp. 1189-1200, 1968.

Garrick, 1. E., and Watkins, C. E., A Theoretical Study of
the Effect of Forward Speed on the Free-Space Sound-
Pressure Field Around Propellers, NACA Report 1198,
Washington, D. C., 1953.

Gutin, L., On the Sound Field of a Rotating Propeller,
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Vol. 4, No. 3, pp. 378-387, Mar. 1966.
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Speeds, AGARD CP 22, Paris, France, Sept. 1967.
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